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1.1 Hemoglobin as a Blood Substitute 
Blood is the most important fluid in the body. The loss of blood can kill a 
person or animal quickly. Thus, replacement of lost blood is a major medical 
concern. There are several problems related to transfusion with whole blood. 
(1) Blood has different serological types that need to be cross-matched 
properly. (2) Blood is difficult to transport because it has a short storage life 
and must be stored at 4°C. (3) It may carry diseases, such as AIDS and 
hepatitis. If a blood substitute could be developed that does not need cross-
matching, is free from infectious viruses, and may be easily stored and 
transported, there would be many clinical demands for such a product. 
Hemoglobin is a unique molecule because of its ability to bind oxygen at 
~ high oxygen tension in the lung and to release it at low oxygen tension in the 
tissues. This property allows the possibility of a hemoglobin solution as an 
oxygen-carrying blood substitute for whole blood. The advantages of this usage 
would be: (Odling-Smee and Wilson, 1988). 
( 1) a high solubility in physiological solutions; 
(2) the ability to deliver oxygen; 
(3) a colloidal osmotic pressure equal to that of whole blood; 
( 4) stimulation of homeopathic tissue. 
2 
Unfortunately, the use of unmodified hemoglobins has several principal 
limitations. First, hemoglobin dissociates into a~ dimers that are rapidly 
removed from the circulation by the kidney after filtration in the glomerulus. 
Secondly, the increase in the oxygen affinity of hemoglobin because of the 
absence of 2,3-bisphosphoglycerate (2,3-BPG) limits the unloading of oxygen 
to the tissues. Thirdly, once filtered, a high concentration of protein in the renal 
tubules can cause tubular obstruction and consequent renal failure. It is 
reasonable that such limitations could be overcome by crosslinking the 
hemoglobin molecule in such a way that the hemoglobin molecule could be 
locked into tetramer form with low oxygen affinity. 
1.2 Structure and Function of Hemoglobin 
Hemoglobin is the oxygen-carrying protein in the erythrocyte. The role of 
hemoglobin is to bind oxygen in the lungs and deliver it to the various tissues. 
Every lml of blood has approximately 5 billion erythrocytes or red cells, and 
each erythrocyte is packed with 280 million molecules of hemoglobin. The 
hemoglobin molecule is nearly spherical with a diameter of 64 A. The human 
3 
hemoglobin molecule has a total of four chains - two identical chains labeled a, 
with 141 amino acids and a molecular mass of 15,126 daltons, and two identical 
~ chains, with 146 amino acids and a molecular mass of 15,867 daltons. The 
heme adds another 616 daltons to each chain, so the total molecular weight of 
the human hemoglobin tetramer is 64,450 daltons (Dickerson and Geis, 1983). 
Figures IA and lB show the structure of deoxy hemoglobin A (HbA). The a 
and ~ chains are very similar in tertiary structure. About two-thirds of the 
residue of each chain are arranged in the seven and eight helices of the a and ~ 
chains, respectively (Winslow et al., 1992). Residues are named according to 
their positions in the helices. Residue B3, for example, is the thrid residue in 
the B helix. The advantage of this system is that residues with the same 
designation always have the same position in the three-dimensional structure, 
although they may have different positions in the amino acid sequences. The 
helices are designated from A to H, and vary from seven to twenty residues in 
length. There are 3.6 residues per turn of helix, which are stabilized by 
hydrogen bonds formed longitudinally along their axes. The remaining one-
third of the residues is distributed over corners or nonhelical regions of the 
chain (Bolton and Perutz, 1970). 
Figure IA. Structure of deoxy hemoglobin 






Each chain contains a heme group which is a complex of protoporphyrin IX 
with iron(II). The iron(II) is normally octahedrally coordinated, having six 
ligands attached to it. The nitrogen atoms of the porphyrin ring account for 
only four of these, so it can make two additional bonds on either side of the 
heme plane (Figure 2). In hemoglobin, one of these bonds is made with the 
nitrogen atom from the imidazole ring of the histidine F8, which is called 
proximal histidine. It is the 87th residue of the a chain and 92nd residue of the 
~ chain. The sixth coordination position is the binding site for oxygen. This 
position is vacant in deoxyhemoglobin and occupied by oxygen molecule in 
oxyhemoglobin. On the oxygen binding side lies another histidine (E7), which 
is termed the distal histidine (Figure 2). Although the distal histidine is not 
covalently bound to the heme group, it is considered important in maintaining 
spatial relationships in the oxygen binding site. Besides transporting oxygen, 
the heme group helps stabilizing the globin chain and increases the solubility of 
the protein. 
The association of globin chains into a tetrameric structure leads to 
cooperativity, the Bohr effect, the 2,3-BPG effect, and suitable oxygen affinity 
(Hill, 1910), so that the oxygen requirements of the tissues can be met. High-
resolution X-ray studies have shown that there are two quaternary structures for 
the hemoglobin tetramer, one is the deoxy structure with low affinity for 
7 
Figure 2. Structure of the Heme 
8 
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oxygen and the other is the oxy structure with high affinity (Perutz, 1978). 
They are refered as the T state (T stands for tense) and the R state (R stands for 
relaxed) respectively. The hemoglobin tetramer is organized as two aB dimers 
with the a1B1 subunit in one dimer and a2B2 in the other. The subunits in the 
aB dimer are bound tightly together. The a 1B1 and a2B2 dimers are capable of 
moving with respect to one another. The interface between the two movable 
dimers contains a network of salt bridges and hydrogen bonds when 
hemoglobin is in the deoxy conformation (Perutz, 1960). On binding to a 
ligand like oxygen, a transformation in the quaternary structure takes place 
which results in the breaking of these non-covalent bonds. There are four areas 
of contact between the subunits: a1Bi, a2B2, a2Bi, and a1B2. The a2B1 and a1B2 
regions are weaker than the a 1B1 and a 2B2 contacts and allow movement during 
oxygenation. Thus the a 1 Br type contacts are different in deoxyhemoglobin 
compared with oxyhemoglobin. Isolated hemoglobin chains are less stable than 
the fully associated tetramer. Therefore, the regions of contact between them 
are important is maintaining normal solubility. The central cavity of 
hemoglobin is filled with water and allows the entrance of charged molecules 
that affect molecular function, such as 2,3-BPG and salts (Winslow, 1992). 
10 
1.3 Modifications of Hemoglobin 
In recent years, mumerous studies on chemical modification of hemoglobin 
have been carried out, many in the hope of developing a hemoglobin-based 
blood substitute. There are a number of chemicals have been used for the 
crosslinking and modification of hemoglobin with some success (Zaugg, et al., 
1975; Bucci, et al., 1989). One of the most extensively investigated compounds 
is the bifunctional acylating agent bis(3,5-dibromosalicyl) fumarate (DBSF). 
Figure 3 shows the reaction pathways for covalent modification of amino 
groups of proteins by DBSF. It can crosslink hemoglobin both in the oxy and 
deoxy states. Under oxy conditions DBSF selectively crosslinks the two P 
chains between Lys-82P 1, and Lys-82P2 at the 2,3-BPG binding site (Walder, J. 
A. et al., 1980). Under deoxy conditions DBSF reacts between Lys-99 a 1 and 
Lys-99a2' and spans the central cavity of the hemoglobin tetramer. Lys-99a1 
and Lys-99a2 lie within a cluster of charged residues very near the middle of 
the hemoglobin molecule. In oxyhemoglobin this site is completely 
inaccessible to the reagent. The aa cross-linked derivative (a99XLHbA) has a 
higher denaturation temperature than that of HbA (Yang, and Olsen, 1991). 
The crosslinking between two a 
11 
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chains leads to a significantly more stable molecule. The oxygen transport 
characteristics of the a99XLHbA are very similar to those of whole blood 
(Snyder, et al., 1987). Under physiological conditions, the partial pressure of 
oxygen at half-saturation of hemoglobin is increased compared to HbA. 
Despite the presence of the crosslinking, the modified hemoglobin remains 
highly cooperative. The crosslinking between the two a subunits blocks 
dissociation of oxyhemoglobin into a~ dimers and thereby prevents renal 
excretion of the modified hemoglobin. In the rate, the half-life of a99XLHbA 
in plasma, at a 15% volume exchange, is increased to 3.3 hr, compared to 90 
min for HbA. The properties of a99XLHbA make it to be a very promising 
blood substitute. 
1.4 Molecular Dynamics Simulation in Protein Studies 
Motion is clearly important to biological functions. An increasing body of 
experimental and theoretical work indicates that there is considerable motion 
inside a protein at ordinary temperatures. Knowledge of these internal motions 
is essential for understanding the structural properties and biological activity at 
a molecular level (Daggett, et al., 1991; Daggett, and Levitt , 1991, 1992 , 
1993a). 
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Although X-ray crystallography can provide remarkable detail about 
protein structures, it is a static technique and gives an average structure of a 
protein. The static view of protein structure is being replaced by a dynamic 
picture. Molecular dynamics simulations have computed the motion of 
individual molecules in models of solids, liquids and gases. The key idea here 
is motion, which describes how positions, velocities and orientations change 
with time. 
In order to perform molecular dynamics simulations, one needs a 
mathematical function, or force field, to describe the system (Daggett, and 
Levitt, l 993b ). The force fields are empirically derived and describe the 
potential energy of the system as a function of the positions of the atoms. A 
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where bi is the bond length, ei is the bond angle, <pi is the torsion angle, rij is the 
interatomic distance, q is the charge of the atom. 
The first three terms account for interaction acting between atoms that are 
separated by one, two, or three bonds. The fourth term is for the van der Waals 
interactions acting between atoms that are separated by three or more bonds, 
while the fifth term describes the electrostatic interactions also acting between 
these same pairs of atoms. 
Given a potential energy function, one may take any of a variety of 
approaches to study protein dynamics. The most exact and detailed information 
is provided by molecular dynamics simulations, in which one uses a computer 
to solve Newton's equations of motion for the atoms of protein and any 
surrounding solvent. In a molecular simulation the classical equations of 
motion for the system are integrated numerically (Brooks, et.al., 1988). 
Newton's equations of motion, 
d2ri 




are solved to obtain the atomic positions and velocities as a function of time. 
Here mi and ri represent the mass and position of particle i, t is the time and 
U(ri, r2, ... , rN) is the potential energy function that depends on the positions of 
the N particles in the system. The recognition of the importance of fluctuations 
opens the way for more sophisticated and accurate interpretations of protein 
function. The dynamic picture incorporates a variety of phenomena known to 
be involved in the biological activity of proteins but whose detailed description 
was not possible under the static view (Karplus and McCammon, 1983). Any 
attempt to understand the function of proteins requires an investigation of the 
dynamics of the structural fluctuations and their relation to activity and 
conformational change. 
1.5 Statement of Research 
The basic objective in this research is to develop a theoretical model for 
investigating the structural and functional effects of crosslinking. In order to 
achieve this objective, molecular dynamics simulations of both native 
hemoglobin and aa DBSF crosslinked hemoglobin were performed. The 
dynamics simulations were analyzed and compared to determine the effects of 
crosslinking on the atomic fluctuations. 
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The aa cross-linked derivative ( a99XLHbA) is used extensively for basic 
studies of hemoglobin function because its properties make it an attractive 
candidate for serving as a blood substitute. The structure of this derivatized 
molecule also has been determined by X-ray crystallography at high resolution 
in our laboratory (Fernandez, 1995). But those experimental studies generally 
only yield limited amounts of information on the actual molecular details of the 
motion experienced by a protein. Computer simulations of protein dynamics 
constitute the most detailed theoretical approach available for studying their 
internal motions. To be most effective, experimental and theoretical studies 
should be linked. Molecular dynamics simulations provide a large number of 
data which can be compared with laboratory experiments to investigate the 
structural and functional effects of crosslinking. The experimental results are 
used to test the validity of the simulations, and when simulations accurately 
mimic reality, they can be used predictively. The resulting better understanding 




INSTRUMENTS AND SOFTWARE 
PS-90 (Gateway 2000, N. Sioux City, SD, USA) 
Silicon Graphics Indigo II (Silicon Graphic Inc., Mountain View, CA, USA) 
2.2Computer programs 
2.2.1 Vi 
Vi (Chrustian and Richter, 1994) is a text editing program that was 
originally conceived as a programmer's editor. It is actually a full-screen, 
display-oriented text editor. All UNIX systems contain the Vi editor. This 




CHARMm (Brooks, et al, 1983) Version 22, is an acronym for "Chemistry 
at HARvard Macro-molecular mechanics." It performs energy minimization and 
dynamics calculations of macromolecules such as proteins and nucleic acids in 
vacuum, in solution and in crystals. It is a highly flexible computer program 
which uses empirical energy functions to model macromolecular systems. The 
functions carried out by CHARMm include preparation of the structures, energy 
minimization by first- or second derivative techniques, a normal mode or 
molecular dynamics simulations and analysis of the dynamics properties 
determined in the calculations. 
2.2.3 QUANTA 
QUANTA (MSl/Biosym) provides a powerful and comprehensive 
modeling environment for 2D and 3D modeling, simulation and analysis of 
macromolecules and small organic molecules. The functionalities include 
structural and similarity analysis tools, cluster analysis and flexible fitting. 
Advanced and customizable graphics display assists understanding of even the 
most complex molecular systems. With access to all standard file formats and 
interfaces to CHARMm, X-PLOR, Modeler, and multiple third party QM/MM 
20 
codes, QUANTA offers a complete solution for visualization and investigation 
of molecules in the life sciences. 
2.2.4 Microsoft Excel 
Microsoft Excel 1s a spreadsheet program developed by Microsoft 
Corporation for Macintosh and MS-Windows system. Worksheets allow you to 
store, manipulate and analyze data such as numbers, text and formulae on a 
worksheet. It has advanced charting capabilities for producing graphs of data, 
rudimentary database functions and a macro programming language for 
complex data manipulation tasks. 
3.1 File Editing 
CHAPTER3 
METHODOLOGY 
Vi text editor was used to modify all the files in this project. The 
CHARMm program was used to evaluate and minimize the potential energies of 
deoxy HbA and a99XLHbA. To compute the energies, one must have PDB 
files for HbA and a99XLHbA which CHARMm can use. Since the original 
PDB files were not in CHARMm format, they were edited. The differences 
between original PDB files and the CHARMm input PDB files are listed in 
detail in Tables 1 through 8. 
Both HIS and HSD have zero ring charge. For HIS, the imidazole ring has a 
hydrogen atom on ND 1 position, while HSD has it on NE2 position. HSC is a 
doubly protonated histidine with a + 1.0 charge. 
21 
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Table 1 Histidine Symbols in Two a Chains 
. .!.~.~i.4.~.~····-··-···-···-2rt.~~~! ... ~!2~ .... !l!.~ .. -.. ··--········~.4i.~~4. .... 1.?.Q~.Jl!.~ .....  
20 HSC HIS 
45 HSC HSD 
50 HSC HIS 
58 HSC HSD 
72 HSC HIS 
87 HSC HIS 
89 HSC HIS 
103 HSC HSD 
112 HSC HSD 
122 HSC HSD 
Table 2 Histidine Symbols in Two ~ Chains 
.......... E~.~.!9..~~----······2ti.~~~~-f!?..~ .... !l!.~ ........ _ ........ ~~-i._t.~~~!?13-.J!.!.~ ........  
2 HSC HSD 
63 HSC HIS 
77 HSC HSD 
92 HSC HIS 
97 HSC HIS 
116 HSC HSD 
117 HSC HSD 
143 HSC HIS 
146 HSC HSD 
Table 3 Segment Identification 
Codes of Every Heme 
......... .9._rjgin'!~ PQ_~files .......... - edi!_ed _~.!?~ __ !.}!~-




Table 4 Heme Symbols 
original PDB file edited PDB file 
HEM HEME 
Table 5 Residue Numbers of Hemes 
....................... ·--·-·-···-.. ·····--~.!1_sip.al .. ~.!?~Jl~~ ..................... ~.9-~~~---~!?.~ .... tl!.~ .........  
a1 chain 142 1 
a2 chain 142 1 
~ 1 chain 147 1 
~2 chain 147 1 
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Table 6 The Atom Order of Residue 1 Val 
in Two a Chains 











Table 7 Types of Atom for Residue 
141 Arg in Two a chains 
original PDB file edited PDB file 
0 OTl 
OTl OT2 
Table 8 Types of Atom for Residue 
146 His in Two ~ Chains 






The simulations were performed using CHARMm (Version 22) potential 
and molecular simulation package. The polar hydrogen representation was used 
as the molecular model (i.e. only hydrogen atoms that are potentially capable of 
participating in hydrogen bonding or on aromatic rings are included, the 
remainder being incorporated into extended heavy atoms). The CHARMm19 
molecular topologies and parameters were used with HEM, PHE, TYR and 
TRP replaced with CHARMm 22 all-H topologies and parameters. The HbA 
and a99XLHbA comprise 5922 and 5926 atoms respectively. All the 
simulations were performed in vacuum. A distance-dependent dielectric was 
used to compensate for the absence of explicit solvent. Structures were saved 
every 0.2 ps, and the trajectory analysis was carried out on the 1000 saved 
structures. 
3.3 Minimization 
The X-ray crystal structure of deoxy HbA was solved at 1.7 A resolution 
by Fermi and co-workers (1984). Crystal coordinates for a99XLHbA were 
obtained from Dr. Fernandez's Ph.D. dissertation (Fernandez,1995). The 
resolution of the data was 1.9 A. The proteins were first subjected to 100 steps 
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of steepest descent energy minimization and followed by 500 steps of the 
conjugate gradient algorithm. A cut-off distance of 8.0 A was applied in 
calculating all non-bonding interactions in the minimizations. Shift functions 
were used to calculate the potential energy for both electronic interactions and 
van der Waals with a range between 6.5 A and 7.5 A. 
3.4 Dynamics 
The molecular dynamics simulations were performed by numerically 
integrating Newton's equations of motion for all the atoms with a step size of 
0.001 ps. The Verlet (Verlet, 1967) algorithm is a simple second-order two-step 
predictor method. The SHAKE algorithm (Ryckaert, et al., 1977; van 
Gunsteren, W.F. et al., 1977) is capable of constraining the distance between 
any two atoms across time motions. SHAKE has been implemented only for 
the Verlet algorithm. The use of SHAKE on the bonds involving hydrogen 
permits a two fold increase in the time step, decreasing the computational time. 
To reduce the computation time further, non-bonded interactions and hydrogen 
bonds were calculated only for atom pairs close enough that make significant 
contribution to the energy. For the nonbonded interactions, a list of pairs 
separated by less than 8.5A was kept. Shift functions were used, beginning at 
4.3A decreasing smoothly to zero at 7.5A. To allow for conformational 
27 
changes, the non-bonded list was updated at every 20 steps for the whole 
dynamic simulation time period. 
The total simulation time was 220 ps calculated on a Silicon Graphics 
Insight II workstation. The simulations were performed in three phases: 
heating, equilibration and production. In the heating phase, random velocities 
were assigned to the atoms from Gaussian distributions at successively 
increasing temperatures until reaching 300 K. In practice, this was done by 
initially assigning velocities at 0 K and increasing the temperature by 20 K 
every 200 steps for 10 ps. In the equilibration period, the temperature of the 
system was monitored for 10 ps and if it exceeded a window of 10 K from 300 
K the atomic velocities were reassigned at 300 K. In the production period, the 
same temperature checking was performed as in equilibration phase, the total 
production simulation was 200 ps. 
4.1 Minimization 
CHAPTER4 
RESULTS AND DISCUSSION 
The crystallographic structures were subjected to energy minimization prior 
to molecular dynamics simulation. This was done in order to ensure that the 
structures were free of any major deviations from the reference parameters of 
the potential function. Such deviations in experimentally determined structures 
may include very poor bonding geometry (length, angles), inadvertent inversion 
of stereochemistry at chiral centers or atomic (van der Waals) overlap. These 
errors in the structure, if uncorrected, may result in a shock to the molecule in 
the initial stages of the simulation, and throw the resulting trajectory into an 
improbable region of conformational space. The deoxy HbA and a99XLHbA 
structures were minimized after 100 steps of steepest descent energy 
minimization and 500 steps of conjugate gradient energy minimization. The 
final structures were referred to as the "fully minimized structures". The results 
are listed in Table 9. 
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Table 9 Minimization of Deoxy HbA and a99XLHbA 
Energy term Deoxy HbA (KcaVmol) a99XLHbA 
(KcaVmol) 
Total potential energy -17433.0 -17460.4 
Bond energy 176.7 176.3 
Angle energy 675.6 672.7 
Dihedral energy 424.9 418.2 
Improper dihedral energy 122.9 123.3 
Electrostatic energy -2244.0 -2245.5 
van der Waals energy -16691.7 -16691.1 
User energy 85.7 85.7 
Root-mean-square gradient 0.1967 0.1607 
The root-mean-square gradient values for deoxy HbA and a99XLHbA were 
0.1967 and 0.1607 respectively. These values were satisfactory for performing 
molecular dynamics simulations. 
Figures 4 and 5 are the plots of root-mean-squared difference (RMSD) in 
atom coordinates between minimized structure and the initial crystal structure 
for the a- and~- chains, respectively. The average RMSD values were 0:383 A 
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Figure 4. RMSD between minimized structure and X-ray structure for alpha 
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for HbA and 0.534 A for a99XLHbA, these values are less than the X-ray 
experimental errors. Therefore, the minimized structures were free from any 
gross errors. 
4.2 General Quality of the Simulations 
The quality of the simulations was judged by examining by both the energy 
and the structure. 
4.2.1 Energetics 
The 200 ps simulations were carried out at a constant temperature of 300 
K in the absence of external forces. Therefore, the total energy of the system 
should be conserved. The total energy was stable over the simulation, with 
fluctuations of about 0.5% after equilibration (Figures 6 and 7). The average 
temperature of the simulations was in the range 300-310 K, with RMS 
fluctuations of less than 10 K. This analysis revealed that the energetics behave 
well by accepted criteria for this type of calculation and the simulations were 
considered acceptable for further analysis. 
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4.2.2 Radius of Gyration 
An overall maesure commonly used to monitor major changes to protein 
structure is the radius of gyration: 
N N 
Rg 2 = L:mi(ri-rcm)2 I L:mi 
i=l i=l 
where N is the number of atoms, mi is the mass of atom i, ri is the Cartesian 
position vector of atoms i, and rem is the center of mass of the molecule. 
The time dependences of Rg for deoxy HbA and a99XLHbA are shown in 
Figures 8 and 9. Rg for deoxy HbA decreased by about 0.5 A during the first 
30 ps of the simulations, and then maintained a relatively constant value (Figure 
8). Rg for a99XLHbA decreases very slightly from the X-ray structure of 
23.67 A during the simulation to a mean value of about 23.23 A (Figure 9). 
These changes occurred more slowly than with HbA, taking roughly 90 ps, but 
are the same magnitude in both simulations. The contraction in Rg may be 
interpreted as a folding back of exposed regions of the peptide mainchain and 
exposed sidechains toward the body of the molecule (Weiner, et al., 1984). 
This effect is due to the lack of interactions with the surrounding solvent and 
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crystal contacts and must be expected in protein molecular dynamics 
simulations performed in vacuum. 
4.2.3 Deviations from Crystal Structures 
The quality of the structures was monitored by observing the deviations of 
the trajectory structure Ca atoms from the initial crystal structure. Hence we 
calculate the root-mean-squared difference (RMSD) in atomic coordinates 
between the average dynamics structures and the initial crystal structures. The 
average Ca deviations for the two a and two ~ chains of deoxy HbA and 
a99XLHbA are shown in Figures 10 and 11 as a function of sequence number. 
While these graphs show some significant differences between HbA and 
a99XLHbA, they are generally similar. For a chains, they were 1.86 A for 
HbA and 1.90 A for a99XLHbA. For~ chains, they were 2.84 A and 2.68 A. 
These values are comparable. Ca deviation from similar simulations are around 
2.3 A for hen egg white lysozyme (Ichiye, T. et al., 1986), 1.8 A for HbA and 
2.3 A for HbS (Prabhckaran M. et al.,1993). They may be viewed as indicative 
of the fact that the overall hemoglobin folding is stable during the simulations. 
Comparisons of the average dynamics structures, the minimized structures and 
the X-ray structures for HbA and a99XLHbA are shown in Figures 12 and 13. 
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Figure 10. RMSD between dynamics average structure and X-ray structure for 
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Figure 11. RMSD between dynamics average structure and X-ray structure for 
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Figure 12. Superpose of dynamics average structure (blue), minimized structure 
(red), and X-ray structure (green) for deoxy HbA 
so 
51 
Figure 13. Superpose of dynamics average structure (blue), minimized structure 
(red), and X-ray structure (green) for a99XLHbA 
5'2 
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In conclusion, both deoxy HbA and a99XLHbA maintain their general 
structures during the simulations. The dynamics structures have not deviated 
greatly from those experimentally observed. The trajectories can be used for 
analysis at the atomic and secondary structural levels. 
4.3 Structure Similarity of deoxy HbA and a99XLHbA 
The average structures for HbA and a99XLHbA were generated from the 
simulations over the 200 ps period. The rms deviations between transient 
structures and average structures for Ca atoms were calculated. Figures 14-21 
are 3D plots for every chain of HbA and a99XLHbA. They are the rms values 
vs both residue number and simulation time and give the general view of the 
flexibility of proteins. For a chains, most of rms values are in the range 0-1 A 
for both deoxy HbA and a99XLHbA (Figures 14-17). The a99 region does not 
show much difference between deoxy HbA and a99XLHbA since this is a 
region of low flexibility in both proteins. There are large deviations around 
residues 42-51 and 72-79, which are the CD and EF corners. Both of these 
corners are on the exterior of the tetramer where flexibility would be expected 
to be greater. The ~ subunits have higher deviations than a subunits. They 
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Figure 14. RMSD between transient structures and dynamics average for alpha 
1 chain of deoxy HbA. 
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Figure 15. RMSD between transient structures and dynamics average for alpha 
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Figure 16. RMSD between transient structures and dynamics average for alpha 
















Figure 17. RMSD between transient structures and dynamics average for alpha 
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Figure 18. RMSD between transient structures and dynamics average for beta 1 
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Figure 19. RMSD between transient structures and dynamics average for beta 1 
chain of a99XLHbA 
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Figure 20. RMSD between transient structures and dynamics average for beta 2 
chain of deoxy HbA 
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Figure 21. RMSD between transient structures and dynamics average for beta 2 
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mainly 0-2 A (Figures 18-21). For both hemoglobin structures, the P-chain N-
terminal region, the CD hinge (residues42-49), and the EF hinge (residues72-
84) are the high-mobility regions. As with the a-chains these more flexible 
regions are external. 
The rms deviations of dynamics average structures from their fully 
minimized structures were calculated. The overall patterns of the rms 
deviations for the two molecules are similar (Figures 22 and 23). The average 
rms deviation were 2.31 A for deoxy HbA and 2.18 A for a99XLHbA. In 
general, a subunits move less than p subunits. The Ca deviations of a chains 
are 1.81 A and 1.77 A for deoxy HbA and a99XLHbA respectively. For p 
chains, they are 2.81 A for deoxy HbA and 2.59 A for a99XLHbA. The a 1p1 
packing contact regions of both a chains and p chains, which involve the B 
(residues20-35), G (residues94-122), H (residues118-138) helices and the GH 
(residues 113-117) comer, have smaller rms values than the average. The a 1p1-
type contact remains unchanged during the allosteric transition. It is also the 
contact that is maitained if the tetramer dissociates to dimers. Thus, it is 
stronger than the a 1 Pr type contact, and the lower flexibility of this contact was 
not surprising. However, along with the terminal regions, the loop regions 
which involve CD (residues43-50) and EF (residues72-84) comers show very 
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Figure 22. RMSD between dynamics average structure and minimized structure 
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Figure 23. RMSD between dynamics average structure and minimized structure 
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large values. For example, residue 48 and residue 75 exhibit substantial 
displacement for the a subunits of both deoxy HbA and a99XLHbA. Also, EF 
corner region of P chains (residues72-84) shows significantly enhanced 
mobility. Thus, the mobility of internal regions of the molecule is less than that 
of the exposed areas. 
4.4 Effects of DBSF Crosslinking 
4.4.1 Measurements of the Distances of Crosslinking Related Atoms 
In order to study the effects of crosslinking, several atom-atom distances 
were measured during the 200 ps simulation (Figures 24-37). The average 
distances and their standard deviations are listed in Table 10. The standard 
deviations of these distances give a measure of the change in flexibility due to 
the crosslinking. 
Figures 24 and 25 are plots of atom distance between the NE of the two 
Lys-99as vs time. The average distance throughout the dynamics is 13.21 A for 
deoxy HbA and 5.97 A for a99XLHbA. The standard deviations of these two 
data sets are 2.34 A and 0.17 A, respectively. These data demonstrate that 
crosslinking greatly decreased the movement of the crosslinked residues. The 
average distance between the two Ca carbons of Lys-99a are 17.92 A for deoxy 
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HbA and 17.03 A for a99XLHbA with standard deviations of 0.73 A and 0.34 
A, respectively (Figures 26 and 27). The mobility of the Ca of Lys-99a has 
been decreased by crosslinking, but the effect is not as great as that on the NE's. 
The residues adjacent to Lys-99a, which are Phe-98a and Leu-I OOa, 
move about 1 A closer to each other due to the crosslinking (Figures 28-31).The 
standard deviations for a99XLHbA are about half those of HbA. Thus, the 
DBSF crosslinking has greatly decreased the mobility of crosslinking region. 
Also, the average distance between two Fe atoms of the two a chains for deoxy 
HbA is l .30A greater than that of a99XLHbA (Figures 32 and 33). The two a 
chains have been held closer and exhibit less flexibility. 
Residue Glu-IOIP and Arg-104P are the two residues most closely 
associated with the Lys-99a in the X-ray structure. They are the only two 
residues that had significant movements in the X-ray structure of a99XLHbA 
compared to that of HbA (Fernandez, 1995). The average distance between Ca 
atoms of the two Glu-lOIPs is 13.47 A for deoxy HbA and 12.63 A for 
a99XLHbA (Figures 34 and 35). In contrast to the decreased distance between 
the two Glu-IOips, Ca atoms of Arg-104Ps move a little further apart because 
of crosslinking (Figures 36 and 37). In addition, while the standard deviation of 
the Glu-IOIP Ca distance was decreased by crosslinking, that of the Arg-104P 
77 
Ca distance was increased (Table 10). The conclusion from these data is that 
while the crosslinking has decreased the flexibility in some regions of the 
molecule, it has increased the flexibility in others. 
Table 10 Average Distance and Standard Deviation in A 
Deoxy a99 
HbA XLHbA 
Average Standard Average Standard 
Distance Deviation Distance Deviation 
NE atoms of Lys-99as 13.21 2.34 5.97 0.17 
Ca atoms of Lys-99as 17.92 0.73 17.03 0.34 
Ca atoms of Phe-98as 21.90 0.94 20.27 0.44 
Ca atoms of Leu-lOOas 22.30 0.70 21.36 0.46 
Fe atoms of a chains 38.11 1.08 36.81 0.68 
Ca atoms of Glu-lOl~s 13.47 1.43 12.63 1.15 
Ca atoms of Arg 104~s 9.04 1.01 9.63 1.27 
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4.4.2 Atomic Flexibility of Ca 
The rms displacement of atoms during the simulation provided the 
information on the mobility or flexibility of various protein regions. Structures 
were saved every 0.2 ps during the simulation. Only 100 structures at intervals 
of 2 ps were chosen for this analysis. The atomic flexibility was calculated by 
finding the rms difference from the dynamics average structure for Ca in each 
of the 100 structures during the 200 ps simulation. The flexibilities for a- and 
P- chains of deoxy HbA and a99XLHbA are shown in Figures 38 and 39. 
There are no significant changes in a1P 1 or a 2p2 packing regions for either 
molecule. The a1 p2 or a 2P 1 contacts involving helices C and G and the FG 
corner, are termed the sliding contacts. The a99XLHbA exhibits less flexibility 
in these regions (Table 11). Thus, the crosslink may stabilize the deoxy HbA 
molecule by decreasing motion in the a1P2 and a 2p1 contacts. This decreases 
the ability of the molecule to move the oxy (R) quaternary state. Thus, the 
changes in flexibility in these important subunit contact regions allow us to 
understand why the oxygen affinity of the a99XLHbA is decreased. 
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Table 11 The rms Displacement of Ca in A 
Contact Region Residue Deoxy HbA a99XLHbA Difference 
a1FG/~2C Arg~2240 0.79729 0.78175 0.01554 
(flexible joint) Arga192 0.71853 0.58092 0.13761 
Trp~237 0.67795 0.62448 0.05347 
Aspa194 
0.68524 0.59826 0.08698 
0.73582 0.61409 0.12173 
Proa195 
a1C/~2FG His~297 0.95269 0.82323 0.12946 
(switch) Proa144 1.21228 1.03207 0.18021 
Thra141 
0.89022 0.88610 0.00412 
Asp~299 
0.80153 0.65240 0.14913 
0.76924 0.75522 0.01402 
Tyra142 
FG Corners Asp~299 0.80153 0.65240 0.14913 
Asna197 0.64161 0.58950 0.05211 
C Helices Arg~240 0.79729 0.78175 0.01554 
Trya142 0.76924 0.75522 0.01402 
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Figure 38. RMSD between transient structures and dynamics average structure 
for alpha chains. The chosen 100 transient structures were averaged over time. 
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Figure 39. RMSD between transient structures and dynamics average structure 
for beta chains. The chosen 100 transient structures were averaged over time. 
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4.4.3 Time Dependence of RMSD During the Simulations 
Figures 40 and 41 show the time dependence of rms deviation of the 
transient coordinate sets from the dynamics average structure. They can provide 
the overall flexibilities of hemoglobins. There is a clear difference in behavior 
for the a chains, with the deoxy HbA exhibiting greater mobility than that of 
a99XLHbA. The average rms value are 1.128 A for deoxy HbA and 0.843 A 
for a99XLHbA, The standard deviations of them are 0.553 A and 0.203 A, 
respectively. Due to the crosslinking the two a chains of a99XLHbA move 
much less. However, the p chains show quite similar profiles for the two 
molecules. These results show that the fumarate crosslink has a much greater 
effect on the a chains than it does on the p chains. 
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Figure 40. RMSD between transient structures and dynamics average structure 
for alpha chains. The chosen 100 transient structures were averaged over 
residues. Deoxy HbA (•), a99XLHbA (+). 
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Figure 41. RMSD between transient structures and dynamics average structure 
for beta chains. The chosen 100 transient structures were averaged over 
residues. Deoxy HbA (•), a99XLHbA (+). 
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The structures and internal motions of deoxy HbA and a99XLHbA were 
studied by molecular dynamics simulations and analysis of the simulation 
trajectories. Using the high resolution X-ray structures as starting points, 
molecular dynamics simulations have been carried out over 200 ps. The main 
points emerging from the analysis are: 
1. The simulations have produced stable trajectories m which the overall 
structures of deoxy HbA and a99XLHbA have not deviated greatly from those 
experimentally observed. Analysis shows that they are reasonably consistent 
with other similar simulations. 
2. The overall patterns of the rms deviations for deoxy HbA and a99XLHbA are 
similar. In general, a subunits move less than p chains. For both a- and P-
chains, the a 1P1 packing contact regions have smaller RMSD values than the 
average, while along with the terminal regions and the loop regions show quite 
large values. Therefore, the mobility of the exposed areas of the proteins is 
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higher than that of the internal regions, as would be expected. 
3. Analysis of atom-atom distances between crosslinking related atoms 
demonstrates that the fumarate crosslink holds the two a chains closer and 
greatly decreased the movement of residues close to the crosslinking region. 
4. There is no significant change in the a 1B1 or a 2B2 packing regions for both 
molecules. However, the RMSD values of the a 1B2 and a 2B1 contact regions for 
a99XLHbA are about 10-15 % smaller than those of deoxy HbA. This fact gives 
an explanation that the crosslinker stabilizes the HbA molecule by tightening the 
a 1B2 and a2~ 1 contact regions. Since the a 1B2 interface is the region that moves 
during the allosteric transition, these results suggest that T-state a99XLHbA 
would be less able to shift to R-state than T-state HbA. Thus, the decreased 
oxygen affinity of a99XLHbA appears to be a result of decreased mobility in the 
a 1 B2 interfaces of the deoxy crosslinked protein. 
5. The effect of the crosslinking between the two Lys-99a's is to decrease the 
mobility of the a chains relative to the uncrosslinked protein while increasing 
the mobility of the B chains. 
These molecular dynamics simulations provide an interesting perspective on 
the theoretical studies of the crosslinked hemoglobin. Although there are some 
assumptions in this type of calculation, the fact that we can apply the identical 
119 
procedure to deoxy HbA gives us a control to compare to the results for 
a99XLHbA and to understand the changes in the functional properties of the 
crossslinked hemoglobin. It is hoped that through simulation studies such as 
these, a more fundamental understanding of the effects of the crosslinking on the 
structural dynamics may be gained. This will lead to better methods for 
predicting the functional properties of new crosslinked hemoglobins. 
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